Red K 2 LiGaF 6 :Mn 4+ phosphors have been synthesized by the facile cation-exchange method. To optimize the optical properties, the phosphors were synthesized by using different reaction conditions. The highest luminescence intensity was increased 3.6 times for the Mn concentration of 1%, reaction temperature of 20 C, and reaction time of 1 h. Replacement of the trivalent Al by Ga resulted in K 2 LiGaF 6 :Mn 4+ having better photoluminescence properties than K 2 LiAlF 6 :Mn 4+ . Furthermore, the studies of the temperaturedependent emission intensity of the phosphors confirmed their good thermal stability, making them promising red phosphor candidates for white light-emitting diodes.
Introduction
White light-emitting diodes (LEDs) have attracted considerable attention as an energy-saving light source for a long time.
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Commercial white LEDs fabricated by a blue LED chip with a yellow YAG:Ce 3+ phosphor still suffer from some drawbacks such as low color rendering index (Ra < 80) and high correlated color temperature (CCT > 6000 K) because of the lack of a red light component. [7] [8] [9] So, great efforts have been made to make appropriate red phosphors. Currently most of the available red phosphors still have certain problems. 10, 11 For example, oxide phosphors [12] [13] [14] [15] [16] cannot absorb blue light efficiently and sulde phosphors [17] [18] [19] are unstable because of their high sensitivity to hydrolysis reactions. As for the nitride phosphors, [20] [21] [22] [23] they have overlapping re-absorption with the yellow phosphor and the synthesis conditions are rigid. Hence, it is very urgent to nd a new red phosphor that can efficiently absorb blue light and has small overlap with the emission of the YAG:Ce 3+ phosphor.
The Mn 4+ doped uoride red phosphors [24] [25] [26] [27] [28] [29] [30] have been widely investigated in recent years. Their main advantage is that they can absorb near ultraviolet and blue light to produce narrowband red emission with broad prospects to be used for white LEDs.
Recently, the Mn 4+ -doped uoride phosphors A 2 MF 6 :Mn 4+ (A ¼ Na, K, Rb, Cs, (NH 4 ), M ¼ Si, Ti, Ge, Sn, Zr)
31-38 and BMF 6 :Mn 4+ (B ¼ Ba, Zn, M ¼ Si, Ti, Ge) [39] [40] [41] [42] [43] [44] [45] were reported. Some of them show high quantum efficiency, thermal stability against quenching and so on. 46 Recently, we had reported a red phosphor K 2 LiAlF 6 :Mn 4+ , 47 which belongs to the elpasolite group of materials with a double perovskite structure. Though it has excellent thermal quenching behavior, the luminescence intensity is still not high enough. Therefore, it is an urgent task to improve its emission intensity to meet the requirements for various applications.
There are many reports 48, 49 
Characterization
XRD patterns were recorded using powder X-ray diffraction (XRD, Rigaku D/MAX 2200 VPC) with Cu Ka1 radiation (l ¼ 1.5405Å) at a scanning rate of 10 min À1 over a 2q range from 10 to 80 . The morphology of the as-prepared products was measured by SEM (FEI Quanta 400). Transmission electron microscopy (TEM), selected area electron diffraction (SAED) and elemental composition were obtained from an FEI Tecnai G2 Spirit. Photoluminescence excitation (PLE) and photoluminescence (PL) spectra were determined on an FSP920-combined time resolved and steady-state uorescence spectrometer (Edinburgh Instruments) with a 450 W xenon lamp as the excitation source. Electron paramagnetic resonance (EPR) analyses were measured on spectrometer (BRÜCKNER A300-10-12) with frequency of 9.8 GHz and attenuator of 30 dB. The photoelectric properties of the white LED devices were measured by Labsphere LPS-100-0260 and Labsphere CDS2100.
Results and discussion
3.1 Phase, structure and spectroscopic studies (T 2u ) . 46 The three peaks at longer than 623 nm wavelengths are ascribed to the Stokes v 6 , v 4 and v 3 peaks, and the two other peaks at shorter than 623 nm are the anti-Stokes v 6 and v 4 peaks. The peak at 623 nm is the zero phonon line (ZPL), which is the electric dipole forbidden in the octahedral [MnF 6 ] 2À . 50 It has been reported that the ZPL emission intensity depends on the local symmetry of the Mn 4+ ion.
The higher the distortion of the octahedron, the stronger the ZPL emission intensity. 51 The structure scheme and coordination environment of K 2 LiGaF 6 are shown in Fig. 1(c) to some extent. The body color of phosphor is white under natural light and it emits red light under 365 nm UV-light, as shown in Fig. 1(d) and (e), respectively. Fig. 2(a) and (b) exhibit the SEM and TEM images of K 2 -LiGaF 6 :Mn 4+ . The SEM image shows that the as-synthesized sample consists of irregular aggregated particles with the size of about 100-200 nm. The particle mean diameter is 67 nm. This is different from other reported microscale Mn 4+ -doped uoride phosphors. [52] [53] [54] As shown in the inset of Fig. 2(b) , the selected area electron diffraction (SAED) suggests that the samples are single crystals, of which the distinct diffraction dots can be indexed to the cubic phase K 2 LiGaF 6 . Fig. 2(c) shows the elemental composition analysis of K 2 LiGaF 6 :Mn 4+ sample, which were quantitatively carried out by using energy dispersive spectrometer (EDS) to further prove the purity of the assynthesized sample. Li element is too light to be detected. It is clearly seen that K, Ga, F and Mn elements are included and for the reason of low Mn concentration, the Mn peaks are very weak. The atom percentages of K, Ga and F are about 21.5%, 11.6% and 52.8%, respectively, which is almost close to 2 : 1 : 6 ratio, i.e., the stoichiometric atom ratio of K 2 LiGaF 6 . These results further indicate that the as-obtained phosphor is in a pure phase.
Morphology and composition analysis

Room temperature PL properties
To optimize the luminescence performance of K 2 LiGaF 6 :Mn 4+ , the effects of the nominal molar concentration of doped Mn 4+ , reaction time and reaction temperature were systematically investigated, as shown in Fig. S1 -S3 in ESI. † By adjusting the reaction conditions, the best sample K 2 LiGaF 6 :1% Mn 4+ was obtained under 20 C for 1 h. In this way, the PL intensity can be increased 3.5 times. The optimized phosphor shows much higher emission intensity than K 2 LiAlF 6 :Mn 4+ (Fig. 3) To further prove the concentration of Mn 4+ is higher in K 2 LiGaF 6 , we measure the EPR spectra of two phosphors with the same doping concentration in Fig. 3(b) . The signal of Mn 4+ ions in K 2 LiGaF 6 host is six featured peaks, 55 while it is much lower in K 2 LiAlF 6 . This indicates the concentration of Mn 4+ ions is truly higher in K 2 LiGaF 6 so that leads to higher emission intensity.
Temperature-dependent PL properties
The temperature-dependent emission spectra of K 2 LiGaF 6 :Mn
4+
in the 300-500 K temperature range under 465 nm excitation are presented in Fig. 4(a) . Apparently, there is no shi or broadening of the emission peaks but the intensity decreases gradually with the increasing temperature. Fig. 4 (b) reveals this trend clearly. It can be seen that the emission intensity is almost the same in the temperature range from 300 K to 375 K and then drops sharply with the temperature above 400 K. At 425 K (150 C), it remains 88.8% of the initial intensity at 300 K. Similar thermal quenching behavior of Mn 4+ ion in uoride phosphors had been reported for several times. 49, 56, 57 We determine the activation energy (E a ) of K 2 LiGaF 6 :Mn 4+ for thermal quenching using eqn (1).
where I 0 is the initial emission intensity, I T is the intensity at different temperatures, E a is activation energy of thermal quenching, A is a constant, and k B is the Boltzmann constant (8.617 Â 10 À5 eV K À1 ). Its value for K 2 LiGaF 6 :Mn 4+ is about 0.24 eV, which is close to other uoride phosphors we had reported before. 47 The decay time of K 2 LiGaF 6 :Mn 4+ in Fig. 4(c) shows that the luminescence intensity undergoes a rapid decrease from 300 K to 500 K, which is due to the increase in the non-radiative transition probability at higher temperature.
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Therefore, the decay time becomes shorter with the increasing temperature. The CIE color coordinates of K 2 LiGaF 6 :Mn 4+ change from (0.675, 0.325) to (0.651, 0.349) in the whole temperature range of 300-500 K (Fig. 4(d) ). More CIE values can be found in Table S1 
where (x, y) is the color coordinates of the phosphor, (x i , y i ) is the CIE of an equal-energy illuminant with a value of (0.3333, 0.3333), and (x d , y d ) is the chromaticity coordinates corresponding to the dominant wavelength of the light source. . The intensity grows with the increasing drive current. The band shapes and positions of emission peaks exhibit no remarkable change, revealing good stabilities both in color and CCT of this LED. Fig. 5(b) shows the CIE coordinate diagram of the white LED with the color point lying on the black body locus under various drive currents. The chromaticity coordinates of them are marked in CIE 1931 color spaces and they are almost laid on the black body locus. All important photoelectric parameters for clarity are presented in Table S2 
LED application
Conclusions
In summary, a novel red emitting K 2 LiGaF 6 :Mn 4+ phosphor was synthesized by a facile cation exchange method. It exhibits a broadband excitation extending from 300 to 500 nm and an ideal narrow band emission centered at 632 nm, which matches well with the UV and blue LED chips. 
